We specifically developed a diode-pumped, Q-switched Nd:YAG laser to act as a pump source for a terahertz-wave parametric generator. A single Q-switched laser pulse ͑pulse width 12 ns, pulse repetition frequency 40 Hz͒ produced an output energy of 12 mJ. Utilizing this pump source, we were able to construct a compact ͑650ϫ350 mm͒ terahertz-wave parametric generator using LiNbO 3 crystals. We achieved a broad terahertz-wave spectrum, ranging from 1.2 to 2.4 THz, with a pump energy of 12 mJ.
I. INTRODUCTION
Recently, terahertz ͑THz͒ frequency light sources have received considerable attention for use in many applications. Consequently, motivation for the development of a compact and convenient THz-wave source has increased and several approaches have been tried. These approaches have included a photoconductive device pumped by a subpicosecond laser pulse, 1, 2 an InAs semiconductor pumped by a mode-locked fiber laser in a magnetic field, 3 a p-Ge laser using a cryogenically cooled crystal, 4 and so forth. Our approach, however, is based on an optical parametric process in a nonlinear crystal. THz-wave parametric generators ͑TPGs͒ and THz-wave parametric oscillators ͑TPOs͒ are suitable as practical light sources, because they not only are compact systems but also operate at room temperature. 5, 6 Moreover, a nanosecond THz pulse, which is defined by the Q-switched laser pulse for pumping, offers the potential advantage of narrow linewidth over femtosecond THz pulses of other sources. In principle, both a narrow linewidth and a wide tunability are possible in injection-seeded TPO/TPG systems with single-longitudinalmode near-infrared lasers as seeders. A TPO consists of a nonlinear crystal and a resonator for an idler wave. The THz wave is extracted as a signal wave in an optical parametric oscillator using a noncollinear phase-matching condition. This resonator defines both the spectral and directional characteristics of the idler wave simultaneously, and thus a continuously broad tunability can be achieved by slightly varying the angle between the idler and pump beam. Using a LiNbO 3 crystal as a nonlinear crystal and a Fabry-Pérot resonator, 5, 7 we were able to achieve a braod tunability ͑0.9-3.1 THz͒ and a linewidth of several tens of GHz. A further narrowing of the linewidth ͑Ͼ200 MHz͒ was recently demonstrated with injection seeding for both the pump and idler waves. 8 A TPG, however, uses a simpler configuration since it has no resonator. The THz-wave linewidth emitted from the TPG is typically broad ͑Ͼ500 GHz͒. In addition, several applications are better suited to a TPG than to a TPO, such as tomographic imaging and interferometric spectroscopy. Further investigations into TPG characteristics will play an important role in optimizing future TPOs. Besides, a broadlinewidth operation of the TPG in the absence of a frequency selective technique would provide a possibility of a widely tunable TPG that requires a broad gain bandwidth in the THz region.
In previous TPO/TPG research, flashlamp-pumped, Q-switched Nd:YAG lasers were used as pump sources. [5] [6] [7] [8] [9] [10] Some of the practical limitations of flashlamp-pumped lasers are: they require high-voltage power supplies; the lamp has a short lifetime; and the pulse repetition frequency ͑PRF͒ may have a limit. 11 More importantly, the available flashlamppumped lasers are much larger than the TPO idler-wave resonator. This mades it quite difficult to design a compact system. However, recent progress in high-brightness laser diodes ͑LDs͒ may provide a solution to these problems, as LDs capable of producing peak powers of 1 kW or greater, in quasi-continuous-wave ͑QCW͒ mode, are now becoming more commercially available. The use of these high-power QCW LDs in diode-pumped solid-state lasers ͑DPSSLs͒ should produce high-energy Q-switched operations equivalent to that of flashlamp-pumped lasers. Consequently, practical THz-wave sources can be realized by simply replacing the conventional flashlamp-pumped laser pump source with a DPSSL. Excellent performance of the TPO/TPG has been achieved in previous studies, [5] [6] [7] [8] [9] [10] whereas such a practical approach has not been reported.
In this study, we developed a compact DPSSL ͑opti- 
II. PUMP SOURCE
In the case of TPOs, a relatively long Q-switched pulse ͑20-30 ns͒ is required to pump the nonlinear crystal, because long pump durations contribute to efficient oscillation of idler waves in the resonator. In contrast, a TPG requires high pump intensities rather than long pump durations. This is because both the idler and the THz waves are generated only during pump-wave propagation inside the nonlinear crystals. More simply stated, the pump wave is used only during the generation process. In order to achieve a high gain for THz waves, the nonlinear crystals must be pumped by a highintensity laser 7 at pump intensities up to 200 MW/cm 2 . Therefore, we developed a DPSSL that can produce an output energy greater than 10 mJ in a single Q-switched pulse with a pulse width of 10 ns.
Our DPSSL was a Q-switched Nd:YAG laser and was side pumped by two QCW LDs ͑THOMSON-CSF TH-Q1410-AS͒. Each laser diode had an emitting area of 9.6ϫ0.9 mm and produced a peak power of 1 kW at a center wavelength of 808 nm. In addition, each LD was mounted on a water-cooled copper heat sink. The laser head included the laser rod, a fused-silica glass flow tube for water cooling, two laser diodes, and a ceramic diffuse reflector with two slits for side pumping. The 65-mm-long, 3-mm-diam Nd:YAG rod was encased in the flow tube that circulated the water. The coolant water for both QCW LDs, as well as the laser rod, was maintained at a temperature of 20°C. Efficient and uniform pumping of the laser rod was achieved by optimizing a diffuse-reflector design. Figure 1 shows the resonator configuration for the Q-switched DPSSL. The FabryPérot resonator consisted of a convex output mirror and a concave high-reflection ͑HR͒ mirror, each of which had a 5 m curvature radius, while the cavity length was 320 mm. The convex output mirror results in a large mode radius in the resonator as compared to a flat output mirror. As a result, the available cross section of the pumped region in the laser rod is increased and good mode overlapping between the cavity mode and the pump distribution can be achieved. The output mirror had a reflectivity of 60% at a wavelength of 1.064 m. The laser cavity was folded using a polarizing beam splitter ͑PBS͒ in order to create a pump beam that was linearly polarized along the z axis of both the LiNbO 3 and MgO:LiNbO 3 crystals, as described later in this article. In Q-switched-mode operation, the KD*P Pockels cell Q-switch was operated at a voltage of /4. In order to reduce the possibility of optical damage due to hot spots in multimode lasers, a 2.3-mm-diam aperture was inserted as a transverse-mode selector between the rear mirror and the Q-switch. Figure 2 shows the laser performance with a Q-switched DPSSL. The laser can be operated at a PRF up to 40 Hz; the PRF is limited by the duty cycle of the laser diodes. In freerunning operations, an output energy of 16 mJ was obtained with a pump energy of 200 mJ. This corresponded to an optical-to-optical conversion efficiency of 8%. This low conversion efficiency is due to the relatively high insertion loss of the transverse-mode selector. Using the same pumping conditions, an output energy of 12 mJ was achieved in Q-switched operation. The pulse width was then measured to be 12 ns ͓full width at half maximum ͑FWHM͔͒. Although the current of the pump LD was maintained at the maximum possible value during all our experiments, higher pump energies were available at lower PRFs due to an increase in the allowable pulse length of the pump LD. As the pump pulse length increased, the output energy in free-running operations increased, but higher-energy operations could not be achieved in the Q-switched mode. The difference in extractable energy between free-running and Q-switched operations can be explained by analyzing the Q-switching time. Under intense pumping, both the Q-switched pulse buildup time and the pulse width become shorter owing to the high gain of the laser material.
12 Therefore, the laser suffers higher losses while lasing if the buildup time and pulse width are comparable to the Q-switching time. This is the same reason as for the slight inefficiencies in Q-switched operations at high pump energies shown in Fig. 2 . However, our experimental results indiate that improved performance can be realized by optimizing some of the Q-switched operating conditions. Currently, a fast Q-switched system for this laser is being developed. This should produce a Q-switched pulse energy greater than 20 mJ, even with the same configuration as previously mentioned. Although the operating conditions for the Q-switched mode are not completely optimized, they are still sufficient for TPG pumping. Furthermore, we were able to reduce the pump size as compared to a conventional system.
III. TPG SYSTEM
The TPG system consisted of the Q-switched DPSSL, beam-shaping optics, and two nonlinear crystals, as shown in Fig. 3 . A half-wave plate and a polarizer were also inserted between the pump source and the beam-shaping optics in order to act as an attenuator. All optics, except for the detectors in Fig. 3 , were mounted on a 650ϫ350 mm breadboard, a convenient size for our experiments. We used 65-mm-long nonlinear LiNbO 3 and MgO:LiNbO 3 crystals, which were mounted in aluminum holders without cooling. Both ends ͑x surface͒ of each nonlinear crystal were antireflection coated for a wavelengths of 1.064 m. Arrangements were tested using one, two, and three LiNbO 3 crystals. The maximum THz-wave output was obtained when two crystals were used in series. Although the optical crystal quality of MgO:LiNbO 3 is poorer, its TPG efficiency is higher than that of a nondoped crystal. 7 Therefore, we used MgO:LiNbO 3 for the rear side as an idler amplifier. THz waves were extracted only from the MgO:LiNbO 3 crystal, that is, the LiNbO 3 crystal was used as an idler generator in our system. The y surface of the MgO:LiNbO 3 crystal was polished over its entire length. This is of benefit to an efficient output coupling for THz waves since the polished surface minimizes the coupling gap on the interface with a Si-prism coupler.
After the pump beam had passed through the attenuator and beam-shaping optics, it was collimated and focused onto the LiNbO 3 crystal. Using the knife-edge method, the 1/e 2 radii of the focused pump beam on the incident surface of the crystal in the vertical ͑z axis͒ and horizontal ͑y axis͒ directions were determined to be 770 and 420 m, respectively. In order to have efficient THz-wave extraction from the TPG, the pumped region within the MgO:LiNbO 3 crystal must be close to the Si-prism array. This is because of the large absorption coefficient of the MgO:LiNbO 3 crystal in the THz region ͑ϳ20 cm Ϫ1 ͒. 9 An elliptical pump beam is suitable for this purpose, since the beam center can be close to the y surface for the THz-wave output. While a distance between the y surface and the beam center was precisely adjusted to obtain a maximum THz-wave output, it was approximately equal to the pump beam radius.
Both the near-infrared idler wave ͑ i ϳ1.070 m͒ and the THz wave were generated by the pump wave ͑ p ϭ1.064 m͒ via an optical parametric process utilizing noncollinear phase matching. Although the idler wave generated in the LiNbO 3 crystal was relatively weak, it was possible to obtain an intense idler wave due to amplification in the MgO:LiNbO 3 crystal. This enhanced the THz-wave output. Additionally, a Si-prism array placed on the y surface of the MgO:LiNbO 3 crystal acted as an efficient output coupler for the THz waves by avoiding the total internal reflection of the THz waves on the crystal output side. 10 The THz-wave output extracted through the Si-prism array was measured using a 4.2 K Si bolometer, while the idler-wave energy was measured using a pyroelectric detector.
IV. EXPERIMENTAL RESULTS
The TPG idler-wave spectrum was observed for varying pump energies, as shown in Fig. 4 . The optical spectrum analyzer resolution used in this measurement was 0.2 nm. The upper horizontal axis in Fig. 4 is the THz wavelength, which was calculated using the energy conservation law with a pump wavelength of 1.064 m and the idler wavelengths shown on the lower horizontal axis. An observable idler wave was obtained for pump energies greater than 5 mJ. As the pump energy increased, the idler-wave intensity increased, while the central wavelength of the idler-wave spectrum did not significantly shift. At the maximum pump energy, a broad idler-wave spectrum was observed over the 1.0685-1.0732 m spectral region. This spectrum corresponds to the THz-wavelength range of 124 -254 m ͑1.2-2.4 THz͒. The measured spectrum was broader than that observed in a previous report. 7 The reason for this broader spectrum might be that the cascaded arrangement of two crystals led to a higher gain for the idler wave, compared to the previous measurement using a single crystal. The intense pumping due to the focused pump beam is also a possible factor, because a parametric gain increases with increasing a pump intensity 7 and a threshold condition is thereby satisfied over the broader spectral bandwidth. This TPG system has no tunability at present. However, it can also be expected from these results that a wide tunability is possible by injection seeding the idler wave. Figure 5 shows the idler-wave energy as a function of the pump energy. Although a second-harmonic generation at a wavelength of 532 nm occurred during the idler-wave generation, it was blocked using a green-cut glass filter in order to determine the net idler-wave output. According to the noncollinear phase-matching condition, the propagating direction of the generated idler waves was slightly different from that of the pump wave and the angle between each beam was approximately 1.5°outside the crystal. In principle, it is easy to spatially separate two beams if an appropriate propagating distance is ensured. The distance from the MgO:LiNbO 3 crystal to the pyroelectric detector was 500 mm in this experiment. A maximum idler-wave energy of 400 J was obtained with a pump energy of 11.8 mJ, which corresponds to a pump intensity of 197 MW/cm 2 ͑calculated using the FWHM diameter of the pump beam͒.
Characteristics of the THz-wave output with the same conditions as in Fig. 5 are shown in Fig. 6 . A minimum THz-wave energy was detected with a pump energy of ϳ4 mJ, which corresponded to a pump intensity of 67 MW/cm 2 . Although the THz-wave energy increased along with the pump energy, saturation of the THz-wave output was not observed over the range of pump energies used in Fig. 6 . In comparison to the data in Fig. 5 , the THz-wave output was correlated with the idler-wave output. Using our maximum pump energy, we achieved a THz-wave energy of 300 fJ and the peak power was estimated to be greater than 30 W. The minimum sensitivity of the Si bolometer is nearly 0.01 fJ ͑using a lock-in amplifier͒, which means the dynamic range of this TPG system is 300-0.01 fJϾ40 dB. This range is sufficient for a wide variety of applications. The pump beam path was moved close to the Si-prism array in order to minimize the absorption losses of the THz wave within the MgO:LiNbO 3 crystal. This had the unfortunate effect of optically damaging the antireflection coating due to pump beam scattering at the edge of the crystal. Although the pump beam did not pass near the edge of the crystal, the increased pump intensity ͑Ͼ200 MW/cm 2 ͒ may have caused the damage. Accordingly, a higher pump energy, while maintaining the same pump intensity, is needed in order to increase the THz-wave output.
Because more efficient operation of the Q-switched DPSSL should be possible, further improved performance in our compact TPG system is most likely achievable. We stress that our THz-wave sources allows easy handling, similar to solid-state lasers. Consequently, it will find applications in a number of areas, since even our present system is applicable for Fourier transform infrared spectroscopy.
